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 1 
ABSTRACT 
 
 Origin and support of high topography in an intracontinental setting is not fully 
understood.  The Hangay Dome in central Mongolia spans an area of ~200,000 km2 and 
reaches elevations of ~4,000 m. It has a complex accretionary history associated with the 
Central Asian Orogenic Belt and is bound to the north, south, and west by active strike-
slip faults. The extent to which the accretionary history or present day deformation 
contributes to current topography remain open questions. Geodynamic models that have 
been proposed to account for current topography include far-field effects of Pacific Plate 
subduction or the India-Asia collision, rifting stemming from the Lake Baikal region, 
mantle-plume activity, upwelling of the asthenospheric mantle, lithospheric delamination, 
and/or the underplating of magmatic rocks at the base of the crust.  
 In order to determine which whether upper mantle structure might contribute to 
the origin of high topography in the Hangay, two years of teleseismic P and S body wave 
data are inverted for 3D velocity variations in Vp and Vs in the upper mantle beneath the 
Hangay. Velocity perturbations range between +/-3% for the P wave model and +/-7% 
for the S wave model. Changes in velocity are a function of temperature, density, 
composition, and presence of melt or fluid. Thermal anomalies are the primary causes for 
velocity perturbations in the upper mantle. The Hangay is underlain by non-uniform low 
velocity zones that correlate well with areas of the Hangay that have experienced 
volcanism in the past ~30 Ma. High velocity zones are located off the edges of the dome 
to the west, east, and south. One low velocity anomaly in particular, is located near the 
headwaters of the Orkhon River beneath a region that had experienced magmatism ~15-
20 million years ago. Interestingly, this region sits between two areas ~50 km away on 
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either side that have experienced magmatism in the last 3 million years. This low velocity 
anomaly has a ∆Vp of -4% and ∆Vs of -9%. This high perturbation may imply a 
compositional difference or presence of fluid/melt. Analysis of the results from this 
study, combined with results from previous studies, is consistent with asthenospheric 
upwelling that could be caused by small-scale edge-driven convection or delamination of 
the lower lithosphere. 
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INTRODUCTION 
 
Orogenesis and volcanism along plate boundaries can be explained by the basic 
principles of plate tectonics. At divergent boundaries, volcanism can occur where the 
lithosphere is being stretched and thinned causing decompressional melting. At 
convergent boundaries, the colliding of two plates will lead to the formation of mountains 
and the subduction of oceanic crust. The subducting lithosphere experiences an increase 
in pressure and temperature causing the crust to dehydrate. This dehydration causes melt 
to form and rise leading to arc volcanism and the associated elevated topography. What 
remains poorly understood are regions of high topography located in the interior of a 
continent, away from plate boundaries. 
 
The Mongolian Plateau in central Asia is part of the Eurasian plate and includes the Gobi 
Altay, Mongolian Altay, Hovsgol, Sayan, Hantay and the Hangay mountains. The high 
topography of the plateau and associated elevated regions is of special interest given their 
location within a continental interior.   
 
The Hangay mountains take a domal shape and span an area of 200,000 km2 and range in 
elevation from ~3500 m up to approximately 4000 m. The domal region contains a series 
of Cenozoic normal faults and is bound by three fault systems: the Bolnay, Gobi Altay, 
and Mongolian Altay (Figure 1) (Cunningham, 2001). The Hangay's features and central 
location within the plateau, make these mountains an ideal place to study and can provide 
better insight into both the origin of the Hangay and mechanisms of plateau uplift. 
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Combining what is known about intraplate dynamics with where the Hangay sits 
geographically, ideas have been hypothesized for the origin and support of the high 
topography. These processes include far-field effects of Pacific Plate subduction and/or 
the India-Eurasia collision, rifting stemming from the Lake Baikal region, mantle-plume 
activity, upwelling of the asthenospheric mantle, lithospheric delamination, and/or the 
underplating of magmatic rocks at the base of the crust. While studies have been done in 
the Hangay region, there is no consensus on the processes primarily responsible for the 
origin of the Hangay.  
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In order to gain a better understanding of the origin of volcanism and uplift in the 
Hangay, we have conducted a seismic study in order to determine if the topography at the 
surface is related to upper mantle structure beneath central Mongolia, and if a relationship 
exists, how they might interact. Body-wave seismic tomography is a geophysical method 
used to understand subsurface velocity structure. It can be used to look at the relationship 
between magmatic activity and plateaus, an example being the Colorado Plateau in the 
western United States (e.g. Sine et al., 2008; Levander et al., 2011).  
 
Global tomography is useful in resolving large structures. Although many stations and 
many events are used in global tomographic models, they are not ideal for resolving 
small-scale structures beneath regions such as the Hangay given that the two closest 
permanent stations are off the Hangay to the north and another to the east. Instead, an 
array with more stations, dense spacing, and improved geometry is used. This increases 
the resolution of the tomographic results providing more information about the upper 
mantle structure beneath the Hangay Dome. 
 
Using two years of teleseismic data collected by a seismic array comprised of 72 seismic 
stations (Figure 1), P and S wave traveltime residuals are calculated using multi-channel 
cross-correlation techniques (VanDecar and Crosson, 1990). Traveltime residuals are 
used in P and S body wave traveltime tomography to provide a best fit model of the 
velocity structure beneath the Hangay. Locating and determining the lateral and depth 
extent of velocity anomalies and calculating velocity perturbations can provide insight 
 6 
into the temperature, density, composition, and presence of melt/fluids in the upper 
mantle. Our results show that there is mantle contribution to support the high topography 
observed in the Hangay Dome. 
  
Results from my research will aid in a larger, multi-disciplinary project studying the 
geodynamic evolution of the Hangay Dome funded by the National Science Foundation: 
Intracontinental Deformation and Surface Uplift - Geodynamic Evolution of the Hangay 
Dome, Mongolia Central Asia. The larger project will incorporate results from 
geomorphology, geochronology, thermochronology, paleoaltimetry, petrology, 
geochemistry, and seismology in order to fully understand the geodynamic evolution of 
the Hangay Dome. 
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TECTONIC AND GEOLOGIC SETTING   
 
Mongolia sits in middle of the Central Asian Orogenic Belt (CAOB). The CAOB 
represents a region that has experienced accretion of a variety of tectonic units as well as 
large-scale crustal growth during the Phanerozoic (Jahn, 2004). The Hangay, more 
specifically, is centered between the Tarim craton, North China craton, and the Siberian 
craton to the southwest, southeast, and north, respectively.  
  
Mongolia is experiencing effects from the India-Eurasia collision. GPS velocity rates 
decrease from ~10 mm yr-1 to ~4 mm yr -1 moving northward into the Mongolian Altay 
(Calais et al., 2003). This indicates that shortening is being distributed throughout a 
broader area and is being accommodated for by numerous faults (Figure 1) in the region. 
  
The Hangay Dome is bound by three major strike-slip fault systems (Figure 1). These 
include the Bolnay and the Gobi Altay faults, and the Mongolian Altay fault system to 
the north, south, and west, respectively (Walker et al., 2008; Cunningham, 2001). Using 
satellite imagery, field observations, and GPS velocity data, strike-slip faulting to the 
north and south of the Hangay show east-west left lateral shear and the faulting to the 
west along the Mongolian Altai show northwest-southeast right lateral shear 
(Cunningham, 1998; Baljinnyam et al., 1993; Walker et al., 2008). These fault systems 
have been home to numerous earthquakes including four M8+ events since 1905 
(Vashchilov, 1993; Bayasgalan et al., 2005). The total shear due to east-west left lateral 
faults in Mongolia does not exceed ~4–5 mm yr−1 and the maximum displacement from 
 8 
left lateral shear is calculated to be ~20 km (Walker et al., 2008). Together these fault 
systems accommodate the majority of north-south shortening in western Mongolia and 
eastward extension in central Mongolia. 
  
At least 14 interior normal faults have been identified and studied within the Hangay 
Dome itself. Faults were identified as Cenozoic in age if they had sharply defined traces, 
clearly offset geological units or geomorphological features, bound sedimentary basins, 
had clear topographic expression, and disrupted drainage systems (Cunningham, 2001). 
The normal faulting observed can be due to uplift, extension, or from accommodation of 
the left-lateral shear between Siberia and China. 
 
Part of the CAOB, Mongolia is made up of 44 tectonostratigraphic terranes (Figure 2) 
with Precambrian cratonic blocks in the Hangay serving as a region in which Paleozoic 
arcs and related subduction complexes, ophiolites and basin sediments were accreted 
(Badarch et al., 2002). Much of northern and central Mongolia is predominately 
comprised of reworked and mixed crust with little juvenile material (Krӧner et al., 2014). 
Gneisses, granitoids, and high-grade schists make up the Precambrian basement rock 
underlying the entirety of Hangay region. U-Pb zircon and Pb-Pb thermo-isochron dating 
of these rocks yield ages of 2.65-1.7 Ga (Archean-Early Proterozoic) (Mitrofanov et al., 
1985; Kotov et al., 1995; Kozakov et al., 1997). In the southern Hangay, deformed 
Cambrian-Devonian sedimentary rocks blanket the basement rock and contain intrusions 
of Permian and Jurassic granitoids that formed after a Paleozoic compressional event 
(Zorin et al., 1993). Mesozoic clastic rocks are found in fault-bounded blocks dispersed 
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throughout the dome and are most likely related to regional extensional events that 
occurred during the Jurassic-Cretaceous. Cenozoic deposits, of middle to late Cenozoic 
age are found in basins within the dome and on its southern flank (Cunningham, 2001).  
 
 
 
There are a number of volcanic rocks exposed throughout the Hangay that are relatively 
low in volume (Figure 1). The volcanics vary in composition including transitional alkali 
basalts, basaltic andesite, trachybasalt, basaltic trachyandesite, tephrite basanite, and 
phono-tephrite (Barry and Kent, 1998). Argon dating of volcanism yields ages from ~33 
Ma to 5 ka (Barry et al., 2003; Ancuta et al., 2013). Geochemical data show variations in 
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elemental concentrations of basalts in the Hangay. Lavas that have a depleted I-MORB-
like signature, such as in Tariat and in Orkhon, are inferred to have originated from an 
asthenospheric mantle source whereas lavas that are trace-element enriched (e.g. Togo) 
are thought to have been derived from a source with an I-MORB-like composition mixed 
with a metasomatized sub-continental lithospheric source  (Hunt et al, 2012; Barry et al., 
2003). From 40Ar/39Ar ages and 187Os/188Os and 143Nd/144Nd ratios of the basalt provinces 
in Figure 1, Ancuta et al. (2013) found no age progression in the 33 Ma of volcanism in 
the region and a sub-lithospheric EM-1 isotopic signature. 
 
Among the alkaline basalts of the Hangay Dome include lower crust and upper mantle 
xenoliths and megacrysts. Analysis of mantle and crustal xenoliths provide information 
on the thermal state of the lithosphere. Previous studies of xenoliths from different 
volcanic centers in the Hangay, have concluded that the thermal state of the xenoliths are 
very similar. Because of the similarities, the thermal state of the lithosphere characterized 
from xenoliths of one volcanic centre can be representative of the surrounding region 
(Kopylova et al., 1995). Xenoliths are divided into four groups: the Cr-diopside series, 
representing mantle wall rocks, the Al-augite series, representing basaltic products frozen 
in the mantle and variably requilibrated (includes Al-rich spinel-garnet websterites and 
garnet pyroxenes), and granulites (Wilshire and Shervais, 1975; Frey and Prinz, 1978; 
O'Reilly and Griffin, 1987). P-T results for xenoliths from the Tariat region define a 
geotherm for central Mongolia that passes through 850°C at 12 kbar and 1220°C at 20 
kbar (Ionov, et al., 1998; Ionov, 2002). Similarly, Goncharov et al. (2012) found P-T 
ranges for gar-spl peridotites from Tariat to be 900-1100°C and 15-20 kbar which plot 
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with the 70 mW/m2 continental geotherm (Figure 3). This moderately high geothermal 
gradient has been hypothesized to be attributed to thermal change in the crust-mantle 
boundary region/uppermost mantle, perhaps due to magmatic underplating or 
asthenospheric upwelling (Kopylova et al., 1995; Ionov et al., 1998). The crust-mantle 
boundary is interpreted from xenoliths to be located at a depth of ~45 km (Kopylova et 
al., 1995). A current study of xenoliths near Tariat by Ancuta et al. (2014), finds an arc-
like geochemical signature of the lower crust that can be attributed to the formation of the 
CAOB. It has been suggested that due to the presence of xenocrysts, there may be older 
crust at depth beneath Mongolia and arc magmatism could have been caused by old 
crustal material entering a subduction complex during the accretion of the CAOB (Krӧner 
et al., 2014).  
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PREVIOUS GEOPHYSICAL STUDIES: SEISMIC AND GRAVITY 
 
Geophysical studies provide a present time perspective of the subsurface. Combined with 
results from other disciplines, geophysical studies can provide the last bit of evidence to 
better understand features on earth we see today.  
 
Gravity data has provided information about crustal and lithospheric structure beneath the 
Hangay region. Petit et al. (2002) defines two anomalies; a long-wavelength (~600 km) 
negative (~20-30 mGal) anomaly and a short wavelength (~200 km), high-amplitude (-50 
mGal) gravity anomaly. 3D modeling of the long-wavelength anomaly and testing it with 
different density contrasts, finds the best fitting density contrast to be small, -10 kg m-3, 
which would correspond to a ~5% shear wave velocity reduction. Forward modeling of 
the short wavelength anomaly finds the best fitting density reduction to be -200 kg m-3 
located just beneath the Moho. After modeling the topographic response of these 
anomalies, the shallow anomaly in the uppermost mantle is predicted to be responsible 
for ~700 m of topography and the long-wavelength, deep-seated anomaly is predicted to 
be responsible for ~400 m of topography.  
 
Global tomography was done by Zhao et al. (2013) using data from the International 
Seismological Center (ISC). Given the amount of data and stations, global tomographic 
models can resolve relatively large structures with strong velocity differences. This 
makes this method useful when looking for features such as hot spots, volcanic activity, 
and subducting slabs. Looking at the tomographic results, there is no presence of any 
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large structure beneath Mongolia. Koulakov and Bushenkova (2010) produced 
tomographic images based on inversion of PP-P residuals (Figure 4). A low velocity 
region beneath the Hangay was found up to ~200 km depth. A low velocity region was 
also observed beneath the Siberian craton from depths of 400 km to 600 km. While the 
percent variation is small, it has been suggested that this may represent an accumulation 
of hot material at the bottom of the cratonic lithosphere. Once reaching a threshold, the 
material has been thought to have moved upwards toward the edges of the craton to 
produce volcanic activity. Other global tomographic models reveal a low velocity zone in 
the upper mantle between 100 to 200 km in central Mongolia (Villasenor et al., 2001; 
Yanovskaya and Kozhevnikov, 2003; Lebedev et al., 2006).  
 
The Mongolian-Baikal Lithospheric (MOBAL) seismic experiment uses 82 teleseismic 
events recorded over a 6 month period to produce tomographic images along a 1000 km 
long profile beginning at the Siberian platform and ending near the Gobi Altay range 
(Tiberi et al, 2008). Tomography reveals two anomalies beneath the eastern side of the 
Hangay Dome. The first is a low-velocity, low density body within the crust, which is 
most likely due to higher thickness in the crust, consistent with Petit et al. (2002). The 
second anomaly appears to be located between ~80-150 km, also consistent with the 
~100-200 km estimate from Petit et al. (2002) as well as low velocity anomalies found 
from global tomography models. Gravity data reveals that this low velocity/density zone 
is connected to a larger, low density zone to the west located between ~80-225 km depth.  
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DATA 
 
The data was collected by the Hangay Dome Experiment seismic array. The array is 
comprised of 72 seismic broadband stations located within and around the Hangay Dome 
from a latitude of ~44°N to ~50°N and a longitude of ~95°E to ~104°E (Figure 1). The 
stations recorded seismic data over a two year period, June 19th 2012 through April 7th 
2014. The dense spacing (~20-30 km between stations) and geometry of the array as well 
as the length of data recording, provide better resolution of the subsurface in this region. 
  
High quality teleseismic events and dense spatial sampling are required in producing 
high-resolution tomographic images of the upper mantle. High quality events used in this 
study consist of events with magnitudes ≥ 5.5 and epicentral distances of 30°-90° away 
from the array. A total of 477 events meeting this criteria occurred within the recording 
time frame (Figure 5).  Approximately ~350 of these events were recorded well enough 
by the array to be used in determining traveltime residuals. The magnitude distribution 
and azimuthal distribution of the events used for this study are shown in Figure 6.  
 
We use 3D finite frequency tomography in this study (see 'METHODS' section). The 
main benefit to this tomographic method is that it increases the amount of traveltime 
residuals with the use of different frequency bands for each event. The frequency bands 
used for P waves 0.06-0.2 Hz, 0.1-0.5 Hz, and 0.3-0.7 Hz. The frequency band 0.8-1.2 Hz 
was considered but low signal to noise ratio in the frequency band precluded use. For S 
waves, waveforms were picked with frequency bands of 0.02-0.08 Hz, 0.06-0.2 Hz, 0.1-
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0.5 Hz. Using a combined total of 389 of the events, a total of 58,976 traveltime residuals 
are used for the P wave tomography and a total of 31,307 residuals are used for the S 
wave tomography (Table 1).  
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METHODS 
 
Traveltimes of P and S waves from earthquakes can be used to infer changes in velocity 
of the medium that the waves propagated through (Rawlinson and Sambridge, 2003). 
Using accurately made picks on phase arrivals of events and a reference velocity model, 
we can calculate traveltime residuals: 
 
 (1) Tresid = tobserved - tpredicted  
 
The traveltime residual is the predicted arrival time, based on a reference velocity model, 
subtracted from the observed arrival time in the data. If an observed arrival for a phase is 
later than predicted, this would give a positive residual indicating that the wave traveled 
through material with a slower velocity than the reference model. If the observed arrival 
is earlier than predicted, this would give a negative residual indicating faster material.   
 
Seismic traveltime tomography uses the calculated traveltime residuals to invert for 
velocity structure. Using the traveltime residuals of P and S waves of teleseismic events, 
we can determine where changes in velocity occur and the magnitude of the velocity 
changes in the upper mantle beneath our study region. Since changes in velocity are a 
function of temperature, density, and composition of the material the wave is passing 
through, we can use the velocity structure from the resulting tomographic model to make 
implications for the causes of any velocity anomalies we observe. 
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AK135 Model 
The velocity model used to calculate traveltime residuals as well as the reference model 
used for the tomographic inversion is the AK135 1D velocity model (Kennett et al., 
1995). This model provides a good fit to seismic phases, particularly S, and is an 
improvement to the iasp91 model (Kennett and Engdahl, 1991).  
  
Picking Event Arrivals  
In order to calculate traveltime residuals, arrivals of each event for both P and S phases 
must be picked to determine tobserved in equation (1). Using dbpick, part of the Antelope 
software package, allows the user to pick the arrival of each event for each station. In a 
preliminary analysis of the data, dbpick was used to determine P wave traveltime 
residuals of 23 teleseismic events, magnitudes 6 and above, from the first 3 months of 
data recording. It was concluded that manually picking arrivals is time consuming and 
leaves room for inconsistencies, especially when working with large datasets. Using the 
software AIMBAT to pick arrivals as an alternative picking method was tested using a 
small portion of the dataset and proved to be an efficient, effective software that can be 
used when moving forward through the entirety of the data.  
 
AIMBAT (Automated and Interactive Measurement of Body wave Arrival Times) 
AIMBAT is based on the Multi-Channel Cross-Correlation (MCCC) method but 
incorporates an additional algorithm, the Iterative Cross Correlation and Stack (ICCS) 
algorithm (Lou et al., 2012). The MCCC algorithm finds the maximum of the cross-
correlation function between each possible pair of traces for an event in order to 
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determine phase arrival times relative to a manual pick (VanDecar and Crosson, 1990). 
The ICCS algorithm is used in order to replace the initial phase picking part of MCCC 
which minimizes picking time and error when working with large datasets. T0 in Figure 7 
represents the theoretical arrival time from the AK135 model. For the event in Figure 7, 
all arrivals are delayed since they arrive after the theoretical arrival time (T0). The ICCS 
algorithm iteratively aligns the waveforms at peak correlation within a specified time 
window and calculates T1, representing the time shift. This time window is changed by 
the user and varies depending on the event, the frequency band, and whether it's a P or S 
arrival. The user then picks the phase emergence on the array stack, T2, and MCCC is 
applied. Every trace is time shifted based on the pick and time window and the absolute 
arrival time, T3, is determined (Figure 8). Lastly, the raw residual, the delay time 
between the measured and predicted arrival times, is calculated for every waveform for 
that event (residual= T3 - T0).  
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Traveltime Residuals 
To account for miscalculations of residuals due to cycle skipping or picking error, 
residuals more than 2 standard deviations away from the mean were removed. This 
removed ~3.1% of P wave delay times and ~3.98% of S wave delay times. Residuals 
ranged from +/- 3 seconds for P waves and -5 to +6 seconds for S waves (see Appendix 
A-1).  
 
Delay times are plotted onto a map of the Hangay (Figure 9) at the piercing point where 
the ray path of an event to a given station intersects a plane at 200 km depth. The spatial 
pattern of positive and negative delay times reveals a low velocity anomaly beneath the 
Hangay and high velocity areas surrounding the dome for both P and S wave data. 
  
Tomography 
Once all residuals have been calculated for all events, they are inverted for velocity 
structure for both P and S phases. We use a 3D finite frequency tomography code to 
invert the residuals (Schmandt and Humphreys, 2010). 
 
The use of the finite frequency method extends the spatial resolution, due to the finite 
width of the sensitivity kernels (Nolet et al., 2007), and reduces the need for 
regularization in the inversion (Schmandt and Humphreys, 2010). Other tomographic 
methods utilize traditional geometrical theory in which traveltimes are affected by 
velocity anomalies along a narrow ray path. Finite frequency tomography is based on 
banana-doughnut kernel theory (Dahlen et al. 2000; Hung et al. 2000) in which 
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traveltimes are affected by 3D heterogeneities around the ray path instead of anomalies 
along the ray path. Waves with different frequency contents have different Fresnel zone 
widths and therefore sample different volumes of the medium around the geometrical ray 
path. The relative sensitivity of the kernels are approximated as a function of ray-normal 
distance ( ). Sensitivities of the kernels are limited to the first Fresnel zone where the 
approximate radius ( ) is determined as a function of distance along the ray path ( ) 
for a given frequency band ( ) and epicentral distance ( ) and when added with a scaling 
constant ( ), can be related in the following equation from Schmandt and Humphreys 
(2010): 
 
  (2)  
 
Using frequency bands of 0.06-0.2 Hz, 0.1-0.5 Hz, and 0.3-0.7 Hz for P waves and 0.02-
0.08 Hz, 0.06-0.2 Hz, and 0.1-0.5 Hz for S waves take full advantage of the data and 
better resolves structures. For comparison of using a single frequency band tomographic 
model versus a multi-frequency band tomographic model, see Appendix C.  
 
The study area is parameterized with an irregularly spaced 3D grid that begins at 35 km 
depth and proceeds through 1080 km depth. The model space is parameterized by nodes 
at the vertices of an irregular, 3D grid beginning at 36 km depth and extending down to a 
1080 km depth (Figure 10). The grid contains 31 (latitudinal)-by-32 (longitudinal) nodes 
in 23 layers making for a total of 22,816 nodes. Vertical spacing between the nodes 
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increases gradually with depth from 24 km to 70 km. Similarly, horizontal spacing 
between the nodes increases gradually, ~40 km to ~65km, from the center of the model to 
the edges. Lateral and vertical node spacing increases as a function of depth just as the 
Fresnel zone width increases with depth.  
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To regularize the inverse problem, we use the LSQR method (Paige and Saunders, 1982) 
to minimize the cost function (E) (Schmandt and Humphreys, 2010): 
 
(3)  
 
The partial derivative matrix (A) relates the model parameters (m) (velocity perturbation 
in each voxel, event and station terms) to the observed delay times (d) after crustal 
corrections. L is the matrix representing varying smoothing with depth accounting for the 
increasing angle of inclination of the ray path as a function of depth.  and  are the 
terms that define the relative weight of the smoothness and norm damping constraints. 
Norm damping is applied to down-weigh strong perturbations that are weakly sampled 
and recover well-sampled anomalous structures. Trade-off plots were made in order to 
determine the most favorable damping and smoothing values (see Appendix A-4). A 
damping value of 5 and a smoothing value of 5 was selected for the P wave tomographic 
inversion achieving a variance reduction of ~67%. A damping of 4 and a smoothing of 5 
was selected for the S wave tomographic inversion achieving a variance reduction of 
~68%. For comparison, depth slices holding damping at an ideal value while altering 
smoothing and vice versa were made (see Appendix B).  
 
Since we are focused on upper mantle structure, crustal corrections are made on the delay 
times to avoid crustal velocity effects. Based on a preliminary study involving receiver 
function analysis and surface wave tomography, a crustal thickness of 42 km to 57 km 
and an average crustal Vp/Vs of 1.77, a Vp of 6.4 km/s and a Vs of 3.6 km/s was 
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concluded (Stachnik et al., 2013). These results along with station elevations were used 
for crustal corrections and determined station static terms and event terms. The station 
static terms account for the effect of local, shallow velocity anomalies and errors with 
crustal corrections. The rms for these terms is ~0.1 for P and ~0.2 for S. Event terms 
represent an adjustment to account for errors in accounting for the mean arrival time for 
the set of stations that record each event when doing the multi-channel cross-correlation. 
The rms for these terms is ~0.07 for P and ~0.3 for S. Histograms of the mean event 
terms and station static terms and residuals can be found in Appendix A. 
 
To examine the resolution of the inversion, hit quality maps and synthetic tests were done 
to test recovery of known velocity structure (Figure 11). These are important to identify 
well resolved regions of the model. Hit quality maps were created based on node 
sampling. Each node is given a "hit quality" which ranges from 0 to 1 in order to quantify 
the quality as a function of the backazimuthal distribution of ray sampling. A hit quality 
of 0 indicates a node was not sampled and a hit quality of 1 indicates that the node was 
sampled by at least 5 rays from each back azimuth quadrant (NE, SE, SW, and NW). A 
hit quality ≥ 0.4 (several rays from at least 2 quadrants) is chosen as the threshold. 
Resolution of seismic tomography is optimized by high angle intersecting rays from 
various directions which is why hit quality is optimized in the central regions of the array. 
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Synthetic anomalies are run through the inversion to also examine recovery and 
resolution under the assumption of an isotropic elastic mantle, accurate ray locations, and 
accurate sensitivity kernels (Figure 12). The tests input checkerboard-type anomalies in a 
neutral space through several layers. The result of the test shows that the resolution is 
good for this study area. With our data set and chosen parameterized model, any major 
structures in the upper ~400 km within the array should be well resolved based on the 
recovery pattern from the synthetic tests as well as the hit quality. 
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RESULTS 
 
Since we are focused on velocity perturbations in the upper ~400 km where we have 
better resolution, depth slices and cross sections shown in this section and discussed in 
the following section will be limited to a 435 km depth. The complete tomograms from 
the inversion, both map view and cross section, can be seen in Appendices F and J. The 
cross section transects form a grid of 17 x 19 transects. Spacing between the transects is 
50 km. Transects with an azimuthal direction of 120° span a distance of ~1000 km and 
transects with an azimuthal direction of 30° span a distance of ~850 km. The scales of the 
tomograms are +/- 3% for the P and +/- 7% for the S. The depth range of 160 km to 940 
km has a maximum perturbation of +/-3% for P and the depth range of 125 km to 635 km 
has a maximum perturbation of +/-8% for S. Moving towards the crust at 90 km, the 
maximum perturbation is -4% for P and -9% for S and once in the crust at 35 km, 
maximum perturbation reaches 9% for P and 18% for S. At depth, between 690 km and 
875 km, maximum perturbation for S is +/-9% and at greater depths, perturbations reach 
as high as 20%.The only two instances where velocity perturbations surpassed the scales 
in the plots was in the shallow layers and the very deep layers. The shallow layers, 35-90 
km, are either within or just below the crust and crustal affects may be causing the higher 
perturbations. The deeper layers have higher perturbations due to general differences in 
velocity structure at that depth as well as the possibility of the model pulling in structure 
of significant velocity contrast from outside the model. The scaling for the tomograms is 
saturated so that velocity perturbations exceeding +/- 3% for the P or +/- 7% for the S 
will be represented by the maximum value on the color scale. While our model extends to 
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1080 km, we remain concerned that anomalies from outside our study region along the 
ray paths are being pulled into our model and for that reason we limit our interpretations 
to the upper ~400 km. 
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For simplicity, we show the tomograms with prominent velocity perturbations relevant to 
the research questions of this study. Six of these transects were selected to discuss in this 
section and can be seen in Figure 13 where the locations of these transects are 
superimposed onto the topographic map of the region which includes station locations 
and basalt locations for reference. Basalt ages come from multiple sources (Barry et al., 
2003; Yarmolyuk et al., 2007; Hankard et al., 2007; Yarmolyuk et al., 2008; Schlupp, 
1996; Ancuta et al., 2015 personal communication).  
 
Generally, the Hangay Dome is underlain by low velocity anomalies but the distribution 
of these low velocity anomalies is not uniform (Figures 14-17). Areas surrounding the 
dome to the west, east, and south, however, are mainly underlain by high velocity 
anomalies. North of the Hangay, there are low velocity anomalies that appear to be 
connected to low velocity anomalies beneath the Hangay. These patterns are seen in map 
view and cross section. The transects that are northeast trending (G, I, K in Figures 13, 
16, 17), show a general pattern of slow velocities to the north of the Hangay dipping 
down in the direction of the Siberian craton. The transects that are southeast trending 
(NN, JJ, GG in Figures 13, 16, 17) show high velocity zones dipping downward to the 
southeast beginning at the eastern edge of the dome.  
 
Transect NN (Figures 13, 16, 17) passes through three regions that have basalt localities. 
From northwest to southeast beginning in the middle of the transect, the ages of the 
basalts increase in age from ~1 Ma up to ~8 Ma for the first two localities, also referred 
to as Hanui (1) and Orkhon (2), respectively (Yarmolyuk et al., 2007). The last locality 
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(3) has not been dated. In cross section, there is a low velocity zone between 2° and 5° 
that lies just beneath the crust extending to ~200 km depth. This zone has a ∆Vp up to      
~3% and a ∆Vs up to ~4.5%. Stepping off the Hangay on the eastern side of the transect, 
there is a down dipping high velocity anomaly from 195 km depth to 390 km depth 
between 5° and 8° with a ∆Vp up to ~2% and a ∆Vs up to ~3%. 
 
Transect JJ (Figures 13, 16, 17) cuts across three different basalt localities. From 
northwest to southeast the first field (4) has ages ranging from ~3-10 Ma (Ancuta et al., 
2015 personal communication; Schlupp, 1996; Yarmolyuk et al., 2008), the middle field 
(5), ~15-20 Ma (Ancuta et al., 2015 personal communication; Schlupp, 1996; Yarmolyuk 
et al., 2008), and the last field (6), ≤ 3 Ma with the youngest age being ~220 ka (Ancuta 
et al., 2015 personal communication; Schlupp, 1996; Yarmolyuk et al., 2008). Directly 
beneath field 5 is a very low velocity anomaly between 3° and 5° that extends from the 
crust down to ~200 km depth that contains a ∆Vp up to ~4% and a ∆Vs up to ~12%. On 
either side of this anomaly, between 2° and 3° and between 4° and 5°, is a shallow, high 
velocity anomaly. The high velocity zone northwest of the low velocity anomaly from 
~50 km depth to ~175 km depth contains a ∆Vp up to ~1.5% and a ∆Vs up to ~1.5%. The 
high velocity anomaly southeast of the low velocity anomaly, from beneath the crust to 
~150 km depth has a ∆Vp up to ~3% and a ∆Vs up to ~3%. 
 
Transect GG (Figures 13, 16, 17) passes through one basalt locality (7) and is just a few 
kilometers from passing through another (8). Field 7 has basalt ages of ~10-13 Ma 
(Ancuta et al., 2015 personal communication) and field 8 has older ages ranging from 
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~15-30 Ma (Ancuta et al., 2015 personal communication; Hankard et al., 2007). Beneath 
field 7, is a low velocity zone that contains ∆Vp up to ~2% and a ∆Vs of ~6% and 
extends from the crust down to the 435 km depth. This low velocity zone in the P wave 
tomogram is dipping to the southeast between 2° and 6°. In the S wave tomogram, the 
zone does not have this dipping low velocity pattern and instead extends to the 435 km 
depth remaining between 1° and 3°.  Beneath field 8, a high velocity zone extends from 
beneath the crust in the P wave tomogram to ~400 km depth. The zone dips down to the 
southeast from 4° to 7° and contains ∆Vp up to ~2%. From ~150 km depth to the 435 km 
depth, the high velocity zone dips to the south between 4° and 8° and contains ∆Vs up to 
~6%. On the other side of the low velocity zone of this transect is another high velocity 
zone between  -1° and 2° and contains ∆Vp up to ~2% and ∆Vs up to ~3%.  
 
Transect G (Figures 13, 16, 17) passes through the majority of the western leg of stations 
and there are no known basalt localities in the western Hangay. Spanning just about the 
entirety of the Hangay portion of the transect is a low velocity zone down to 435 km 
depth. In the P wave tomograms there is an area of this low velocity zone with greater 
changes in velocity perturbation. Between -1° and 3° from ~50 km depth to ~200 km 
depth, there is a ∆Vp of up to ~2.5%. In the S wave tomography, between -1° and 2° 
from ~100 km depth to ~400 km depth, the low velocity zone has a ∆Vs up to ~4.5%.  
 
Transect I (Figures 13, 16, 17) cuts through the middle of the array between the east and 
west leg stations. A low velocity zone between 0° and 4° and from the crust to 435 km 
depth has the largest percent perturbation in the upper ~200 km beneath the crust having 
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∆Vp up to ~3% and a ∆Vs up to ~10%. This low velocity zone is beneath Hanui (1) 
where the basalts are on the younger side ranging in age from ~1-8 Ma. There are also 
low velocities beneath Tariat (9) where basalts ages are as young as ~5 ka. This zone is 
between -2° and 0° and contains ∆Vp of up to ~1.5% and ∆Vs up to ~4.5%. These two 
velocity zones appear to be connected at 0°. 
 
Transect K (Figures 13, 16, 17) passes between Hanui (1) and Orkhon (2) cuts through 
field 5 which is between fields 4 and 6. The same prominent low velocity zones from 
transects NN and JJ (Figures 13, 16, 17) can be seen on the orthogonal transect, K. Given 
this perspective, we see that the two low velocity anomalies connect at a shallow depth 
directly beneath the crust and they also seem to connect to a low velocity zone beneath it 
(∆Vp ~1%, ∆Vs ~2%) between 1° and 4°.  
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DISCUSSION 
 
Changes in percent velocity perturbation occur as a function of temperature, density, 
composition, and presence of fluids/melt. Anisotropy can also influence seismic velocity. 
In general, warm, low density structure will cause a negative percent velocity 
perturbation because it takes longer for the wave to propagate through this medium. On 
the other hand, cold, dense material results in high velocities.  
 
The use of both P and S wave tomography allows for more information regarding the 
contribution of these factors (Table 2). For a 100°C increase in temperature, a decrease of 
0.5-2% in Vp and 0.7-4.5% in Vs is predicted (Goes et al., 2000). Foulger et al. (2013) 
summarized multiple laboratory studies (references within) and came to a general trend 
regarding percent melt and Mg# composition. For an increase of 1% in melt content, 
there is a 1-3% reduction in Vp and a 3-10% reduction in Vs that can be expected. For a 
4% reduction in Mg# in olivine, a 7% decrease in Vp and a 12% decrease in Vs can be 
expected. Results from both P and S wave tomography show similarities in patterns of 
velocity anomalies, but differences in percent perturbation. Doing a joint Vp/Vs inversion 
would provide more insight on the presence of partial melt and/or fluids beneath the 
Hangay. 
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At the regional scale of the Hangay, there are high velocity zones surrounding the 
Hangay that are predominantly west, east, and south of the dome (Figures 18). The 
Hangay itself is underlain by low velocity anomalies but distribution of these anomalies 
is not-uniform (Figure 18). Upper mantle velocity differences are primarily caused by 
variations in temperature (Goes et al., 2000). Based on Table 2, the percent perturbations 
we see are mostly caused by differences in temperature in the upper mantle. 
 
Locally, there is a low velocity anomaly beneath the central-eastern Hangay with a ∆Vp 
up to ~4.5% and a ∆Vs up to ~12% (Figure 19). Given the magnitude of the perturbation, 
it is likely that this represents more than just a thermal change and perhaps may be 
indicative of partial melting or a compositional change (Table 2). This anomaly appears 
to be connected to a low velocity anomaly to the northeast of the dome containing a ∆Vp 
up to 3% and a ∆Vs up to 10% (Figures 16, 17, 19) and may also be due to presence of 
partial melt. The ages of the basalts above the central-eastern Hangay low velocity 
anomaly are ~15-20 Ma. The ages of the basalts above the low velocity anomaly to the 
northeast of the Hangay are ~1-8 Ma. This anomaly-basalt age relationship as well as 
other velocity-basalt age relationships throughout the region do not show any pattern. 
However, the majority of shallow low velocity anomalies that are within the upper 200 
km depth are located beneath areas that have experienced volcanism in the past.  
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Possible origins of high topography and magmatism in the Hangay 
Many ideas have been proposed for the intracontinental deformation and uplift seen in 
the Hangay. Geodynamic processes include effects of the India-Eurasia collision and/or 
Pacific Plate subduction, rifting stemming from the Lake Baikal region, mantle-plume 
activity, small-scale convection, lithospheric delamination, and/or the underplating of 
magmatic rocks at the base of the crust. Many of these processes involve upwelling of the 
asthenospheric mantle. Based on our results, we believe asthenospheric upwelling is 
occurring beneath the Hangay because the velocity anomalies provide evidence of 
temperature changes as well as possible presence of partial melt and compositional 
changes in the upper mantle (down to 435 km depth). What remains unclear is if 
mechanisms can be ruled out based on body-wave tomography alone. In this section, I 
discuss some of the hypothesized processes for the origin of the high topography and 
magmatism in the Hangay and use our results to further distinguish which processes are 
more likely. 
 
Outward lithospheric mantle flow, driven by the India-Eurasian collision, may have 
something to do with the uplift (Cunningham, 2001). Flow would deflect around a cold, 
cratonic keel beneath the Hangay producing an upward component of the flow around the 
edges of the craton. This deflection would cause an upwarping of the asthenosphere to 
compensate for the diversion and thinning of the lithosphere. Decompressing the 
asthenosphere would generate partial melting and create buoyancy that would then cause 
the uplift of the dome. The MOBAL experiment (Tiberi et al., 2008) modeled a high 
velocity anomaly (∆Vp= ~4%) at 175 km depth in the western part of the Hangay where 
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there has been no Cenozoic magmatism. Because our model has better resolution than 
that of Tiberi et al. (2008), if this structure is well resolved it could be a cold continental 
keel beneath the Hangay driving mantle flow around it. Our results do not show the 
presence of a prominent high velocity anomaly beneath the western part of the Hangay 
(Figures 14 and 15).  Transect GG (Figures 16 and 17) shows a ∆Vp 1% high velocity 
anomaly at ~200 km depth however this anomaly is at the southwest edge of the dome 
and not directly beneath the Hangay. Therefore we do not see evidence for a cratonic 
keel. To fit the lithospheric mantle flow hypothesis, mantle flow would need to trend NE-
SW due to NE-directed mantle flow driven by the India-Eurasia collisional event 
(Cunningham, 2001). SKS splitting measurements from Barruol et al. (2008) and the 
Hangay Dome Experiment (Meltzer et al., 2015 personal communication) show a 
homogeneous anisotropy pattern trending NW-SE across central and western Mongolia 
which makes the lithospheric mantle flow model unlikely for this region. 
 
Insulation of the mantle due to overlying thickened continental lithosphere causes a 
build-up of heat otherwise known as thermal blanketing (Anderson, 1982). Barry et al. 
(2003) suggests that the Eurasian continent may be acting as a thermal blanket first 
producing melt in the asthenosphere, and then in the lithosphere as heating progresses. 
While the crust is thick in the Hangay, ranging from 42-57 km (Stachnik et al., 2013), our 
results do not show a large, pervasive low velocity anomaly throughout the upper ~400 
km beneath the Hangay (Figures 14-18). Our results show multiple low and high velocity 
anomalies with varying percent perturbation.  
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Based on high heat flow, alkaline basaltic volcanism, rifts, and thinned lithosphere in the 
overall region, a deep seated mantle plume has been hypothesized for the origin of high 
topography and magmatism (Windley and Allen, 1993). Geochemistry of Mongolian 
basalts have low 3He/4He values and isotopic signatures point towards a shallow source 
rather than a deep mantle source (Barry et al., 2003; Barry et al., 2007). Volcanism does 
not occur where lithosphere is thinner, necessarily. While volcanism occurs in the South 
Baikal basin where crust is <34 km thick, the largest volcanic areas exist where crust is 
~55 km thick (Johnson et al., 2005). Crust in the Hangay has been found to be between 
42-57 km thick based on various studies (e.g. Baljinnyam et al., 1993; Petit et al., 2002; 
Stachnik et al., 2013) which does not represent the thinnest crust in central Asia. 
Volcanism within the Hangay varies spatially (Ancuta et al., 2013) and does not correlate 
with plate motion from GPS velocity data (Calais et al., 2003). There is for no evidence 
for a hot spot track for the ~30 Ma of volcanism. If a plume exists beneath the Hangay, 
this study would, hopefully, be able to provide evidence for this given our resolution. 
However, we are limiting interpretations to the upper ~400 km and therefore we cannot 
eliminate this process based on our study alone. Our model does seem to provide 
evidence for a low velocity, plume-like structure in the S wave tomography in the bottom 
half of the model down to ~1000 km. If this is a real feature, this process will need to be 
reinvestigated. This structure is most likely an artifact of structure outside the study 
region since the P wave tomographic model does not show this same, prominent feature. 
Based on this fact and geochemical data, a mantle plume beneath the Hangay is unlikely. 
Using receiver functions to examine the mantle transition zone would be beneficial prior 
to eliminating the deep seated mantle plume hypothesis for the Hangay.   
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Intraplate magmatism can be caused by delamination of the lower lithosphere and/or 
crust due to an over-thickened crust. This has been suggested for Tibet where partial 
melting of decompressed asthenosphere could have been caused by delamination (Platt 
and England, 1993). Lower-lithosphere delamination can occur due to tectonic stresses 
(Barry et al., 2003). Once lithosphere is removed, it gets replaced by warmer 
asthenospheric material which may be the explanation for low velocity anomalies 
beneath the Hangay (Petit et al., 2002). Delaminated structures are characterized by high 
velocity perturbations. The resulting tomographic models of this study do not provide 
evidence for any large, high velocity structures directly beneath the Hangay. However, 
there are high velocity structures extending through the upper ~400 km of the mantle on 
the eastern/southeastern and western edges of the Hangay (i.e. transects JJ, GG, and NN). 
Analysis of these structures in relation to positions and characteristics of terranes may 
help explain this.  
 
Small-scale edge-driven convection remains a possibility for the Hangay Dome. In the 
case of the Hangay, the juxtaposition of younger crust to the Siberian craton to the north 
causes an instability due to temperature differences. The cold, thick craton would cool the 
asthenosphere next to it and initiate the downwelling portion of a convection cell (King 
and Anderson, 1998). The upwelling limb forms when cool material warms on the way 
up to the surface and this can happen a few hundred kilometers away from the 
downwelling. This has been hypothesized for the Hoggar swell in NW Africa. The 
Hoggar swell is directly east of West African craton and edge-driven convection has been 
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called upon for the uplift and volcanism in that region (Liégeois et al., 2005). This 
mechanism does not need to produce a large amount of volcanism which is consistent 
with the small amounts of volcanism in the Hangay. Edge-driven convection can explain 
the various thermal anomalies that we believe are represented by most of our velocity 
anomalies.  
 
Edge-driven convection can also be occurring along the eastern/southeastern edge of the 
Hangay similar to what has been suggested for the Colorado Plateau (Levander et al., 
2011). The production of small-scale convection can occur in regions that have 
experienced accretion, like the Hangay. Different accreted terranes have different 
lithosphere ages and thicknesses and when juxtaposed, can create an instability. The 
Colorado Plateau juxtaposed to the thin lithosphere of the Basin and Range, could have 
created an instability along the margins. With possible effects of Farallon plate 
subduction, thermochemical erosion may have lead to the formation of lithospheric 
"drips" initiating a delamination process. While the edge of the Pacific slab is about 2000 
km away from the Hangay, Pacific slab subduction has been thought to play a role in the 
history of the Hangay. If the slab reaches the mantle transition zone, it can either break 
through and proceed into the lower mantle or it can ride along. This causes an increase in 
temperature of the fertilized peridotite layer which can then rise and become part of the 
asthenospheric convection process (Zorin et al., 2006). Perhaps this process combined 
with the complex accretionary history of the region can explain the possible high velocity 
structures off the eastern/southeastern edge of the Hangay observed on transects JJ, GG, 
and NN that were mentioned earlier. Alternatively, this process can simply be 
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contributing to the heterogeneities in the mantle in general and not have any direct 
correlation to what we observe in the Hangay. 
 
 53 
CONCLUSION 
 
In this study, teleseismic P and S body wave data is inverted for 3D velocity variations in 
Vp and Vs in the upper mantle beneath the Hangay. The distribution of these velocity 
anomalies provide evidence for a thermally heterogeneous upper mantle. The Hangay is 
underlain by non-uniform low velocity zones that correlate well with areas of the Hangay 
that have experienced volcanism in the past ~30 Ma. High velocity zones are located off 
the edges of the dome mainly to the west, east, and south. The northern low velocity 
anomalies in the region appear to dip north slightly in the direction of the Siberian craton. 
Two low velocity anomalies beneath the central eastern part of the Hangay may indicate 
the possible presence of partial melt or change in composition.  
 
Small-scale convection related to the Siberian craton is a likely process related to the 
Hangay and can explain the velocity anomalies in our results. High velocity structures 
dipping down along the eastern and southeastern edges of the dome may reflect a 
delamination process possibly initiated by instabilities between accretionary terranes, 
mantle thermal structure, and/or effects from the subduction of the Pacific slab. 
Upwelling associated with these processes could have lead to magmatism in the Hangay. 
While the thick crust can support a lot of the high topography in the Hangay, the low 
velocities beneath the dome indicate that there is mantle contribution to support the 
topography as well. 
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